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A Robust Error Model for iTRAQ Quantification
Reveals Divergent Signaling between
Oncogenic FLT3 Mutants in Acute Myeloid

Leukemia*s

Yi Zhangt§1], Manor Askenazit§1||[**, Jingrui Jiangf/t$, C. John Luckey§§,
James D. Griffintt, and Jarrod A. Martot§|11]

The FLT3 receptor tyrosine kinase plays an important role
in normal hematopoietic development and leukemogene-
sis. Point mutations within the activation loop and in-
frame tandem duplications of the juxtamembrane domain
represent the most frequent molecular abnormalities ob-
served in acute myeloid leukemia. Interestingly these
gain-of-function mutations correlate with different clinical
outcomes, suggesting that signals from constitutive FLT3
mutants activate different downstream targets. In princi-
ple, mass spectrometry offers a powerful means to quan-
tify protein phosphorylation and identify signaling events
associated with constitutively active kinases or other on-
cogenic events. However, regulation of individual phos-
phorylation sites presents a challenging case for proteo-
mics studies whereby quantification is based on individual
peptides rather than an average across different peptides
derived from the same protein. Here we describe a robust
experimental framework and associated error model for
iTRAQ-based quantification on an Orbitrap mass spectro-
meter that relates variance of peptide ratios to mass spec-
tral peak height and provides for assignment of p value, g
value, and confidence interval to every peptide identifica-
tion, all based on routine measurements, obviating the
need for detailed characterization of individual ion peaks.
Moreover, we demonstrate that our model is stable over
time and can be applied in a manner directly analogous to
ubiquitously used external mass calibration routines. Ap-
plication of our error model to quantitative proteomics
data for FLT3 signaling provides evidence that phos-
phorylation of tyrosine phosphatase SHP1 abrogates the
transformative potential, but not overall kinase activity, of
FLT3-D835Y in acute myeloid leukemia. Molecular &
Cellular Proteomics 9:780-790, 2010.
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Deregulated tyrosine phosphorylation is a well established
molecular hallmark in the development of both solid tumors
and hematopoietic malignancies (1, 2). In acute myeloid leu-
kemia (AML)," mutations of the Fms-like tyrosine kinase 3
(FIt3) gene or its overexpression represent the most frequent
molecular abnormalities, observed in ~35 and ~90% of pa-
tients, respectively (3, 4). Internal tandem duplication (ITD) in
the juxtamembrane region occurs in ~25% of patients,
whereas another 7% of cases manifest as point mutations in
the activation loop at Asp-835 (typically D835Y). Both muta-
tion classes induce constitutive tyrosine kinase activity and
confer IL-3-independent growth of the factor IL-3-dependent
BaF3 and 32D cells. Interestingly, the ITD and D835Y mutants
respond differently to the current suite of targeted therapeu-
tics (5), and in vitro studies suggest that they can activate
different downstream targets, including STAT5a (6-8). Col-
lectively, these observations motivate continued efforts to
delineate oncogenic pathways in further detail to expand our
understanding of the molecular basis for disease progression
and to identify additional therapeutic entry points.

Over the past decade, mass spectrometry-based proteo-
mics has become the technique of choice for large scale
identification of peptides derived from various biological con-
texts (9, 10). Moreover, numerous methodologies now sup-
port relative quantification measurements, providing a routine
means to monitor protein expression and post-translational
modification state as a function of biological perturbation.
Multiplexed isotope labels such as the iTRAQ (11) and TMT

" The abbreviations used are: AML, acute myeloid leukemia; FLT3,
Fms-like tyrosine kinase 3; ITD, internal tandem duplication; WT, wild
type; FL, FLT3 ligand; IL-3, interleukin 3; STAT5a, signal transducer
and activator of transcription 5a; JAK2, Janus kinase 2; SHP1, protein
tyrosine phosphatase, non-receptor type 6; SOCS1, suppressor of
cytokine signaling 1; GAB2, growth factor receptor-bound protein
2-associated binding protein 2; HCD, higher energy collisional disso-
ciation; MACL, maximum approximate conditional likelihood; r.t.,
room temperature; iTRAQ, isobaric tags for relative and absolute
quantitation; TMT, tandem mass tag; LTQ, linear trap quadrupole;
HOACc, acetic acid; CAD, collisionally activated dissociation; ERK,
extracellular signal-regulated kinase; MAPK, mitogen-activated pro-
tein kinase; pAKT, pERK, and pSTAT5, phosphorylated AKT, ERK,
and STATS.
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(12) reagents provide several advantages for quantitative pro-
teomics, including (i) compatibility with the study of proteins
derived from in vitro and in vivo systems, (ii) the ability to
analyze up to eight samples (e.g. conditions) in a single LC-
MS/MS run, and (jii) cumulative MS signal for equivalent
peptide precursors derived from each experimental condi-
tion and cumulative signal for fragment ions resulting from
MS/MS of any given peptide precursor. The additive nature
of MS and MS/MS signals is particularly advantageous for
analysis of low abundance proteins or rare post-transla-
tional modifications.

Upon dissociation during MS/MS analysis, both iTRAQ and
TMT tags fragment to yield “reporter” ions that contain differ-
ent stable isotopes; the respective peak intensities or areas of
these signals provide a relative measure of parent peptide
abundance in each biological condition. Assuming that indi-
vidual peptides are correctly assigned to their source protein,
then a combination of individual ratios from all detected pep-
tides provides a reasonable estimate for quantification at the
protein level (11, 13-17). This approach is applicable for so-
called protein profiling studies where multiple peptides are
detected and used as supporting evidence for the quantifica-
tion of a given protein.

The situation is quite different for quantification of rare
post-translational modifications such as tyrosine phosphory-
lation. Here it is common for proteins to carry a single site of
tyrosine phosphorylation. Moreover, even when multiple
phosphorylation events are detected on the same protein, the
relative stoichiometry across sites may vary significantly as a
result of their independent regulation via divergent biological
processes. As a result, ratios from individual peptides must be
analyzed separately outside the context of collective peptide
evidence for a specific protein. In addition to these limitations,
it is also possible that low abundance peptides are subjected
to MS/MS analysis only once in a given LC-MS acquisition.
Assignment of statistical significance to peptide ratios mea-
sured under these conditions, e.g. single peptides sequenced
by only one MS/MS scan, is particularly challenging. To date,
estimates of significance for individual scans have relied ei-
ther on global ratio thresholds, for example ignoring any ratio
less than 2-fold above or below a given control (18, 19), or
derivation of noise models based on in-depth empirical char-
acterization of individual ion peaks (20).

An additional consideration, less well recognized, is that
each quantification strategy is susceptible to different sources
of error and hence may require different data analytic strate-
gies to estimate significance boundaries. For example, the
co-elution properties of labels based on stable isotopes of
carbon, nitrogen, and oxygen eliminate non-systematic mea-
surement errors associated with the instability of electrospray
or laser-based ionization. Nonetheless, stable isotope-based
methods are subject to other sources of error. For example,
measured signal-to-noise values for peptide ratios based on
stable isotope labeling by amino acids in cell culture (21) and

ICAT (22) may vary across the useable mass-to-charge range
due to (i) non-uniform detector response and (i) time-depen-
dent contribution of the organic effluent to base-line noise
levels during the LC gradient. In contrast, quantification via
iTRAQ and TMT reagents is based on ratio measurements of
reporter ions that are generated during MS/MS and confined
to a limited m/z range. In principle, this approach eliminates
contributions to measurement error that are due to either
m/z-dependent detector response or interference from LC
gradient noise and hence facilitates development of an exper-
imentally simple procedure for assignment of statistical sig-
nificance to peptide ratios.

Here we utilize low and high energy MS/MS scans in tan-
dem on an LTQ-Orbitrap to identify and quantify iTRAQ-
labeled phosphotyrosine-containing peptides enriched from
cells that express wild type, ITD, or D835Y FLT3 kinase. In
total, 371 unique phosphotyrosine peptides on 276 proteins
were quantified from ~2 cells per iTRAQ channel. In addition,
we developed an error model that relates the variance of
measured ratios to observed reporter ion intensity and pro-
vides a p value, g value, and confidence interval for every
peptide identified. We also demonstrate that our model is
stable over time and can be applied in a manner directly
analogous to ubiquitously used external mass calibration
routines. Collectively, these figures of merit provide for re-
producible quantification even under conditions in which
phosphorylation response is modest. Comparison of signal-
ing pathways mediated by FLT3 wild type (WT), ITD, and
D835Y suggests that tyrosine phosphorylation of SHP1 in-
duced by FLT3-D835Y, but not by FLT3-ITD, may alter the
transformative potential, but not overall kinase activity, of
FLT3-D835Y in AML, potentially by suppression of JAK2/
STAT5a signaling.

EXPERIMENTAL PROCEDURES

Cell Culture, Cell Lyses, and Proteolytic Digestion—BaF3 cells
stably expressing FLT3-ITD and FLT3-D835Y were cultured with 5%
CO, at 37 °C in RPMI 1640 medium with 10% FCS and supplemented
with 2 mm glutamine, 100 units/ml penicillin/streptomycin, and 0.8g/
liter G418. BaF3 cells expressing wild type FLT3 were similarly cultured
with 10% WEHI-3-conditioned medium as a source of IL-3. Cells were
placed in 100 ml of fresh medium at 2e5 cells/ml and collected after 12 h
at 4-5e5 cells/ml. One flask of FLT3-WT BaF3 cells was treated with 50
ng/ml FL for 5 min before collection. Cell pellets were washed with 10 ml
of cold PBS and stored at —80 °C until needed.

Cell pellets were lysed with 2 ml of 8 M urea supplemented with 1
mwm activated NazVO,. Proteins were reduced with 10 mm DTT at
50 °C for 1 h and alkylated with 55 mm iodoacetamide at r.t. for 1 hin
the dark. Cell lysates were diluted to 1.6 m urea with 8 ml of 100 mm
NH,HCO,. Trypsin was added at a 1:50 (enzyme:substrate) ratio.
After incubation at 37 °C overnight, whole cell digests were acidified
with 10% TFA to pH 3-4 and centrifuged at 4000 rpm to remove
insoluble particles. Peptides were purified on a Waters 100 mg C,5
plate and eluted with 25% MeCN, 0.1% acetic acid (HOAc). Eluted
peptides were divided into 100-ug aliquots, freeze-dried, and stored
at —20 °C until iTRAQ labeling.

iTRAQ Labeling and Phosphotyrosine Peptide Enrichment—One
aliquot of each sample was labeled with one isoform of iTRAQ rea-
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gent (114 for WT FLT3, 115 for WT FLT3/FL, 116 for FLT3-ITD, and
117 for FLT3-D835Y) according to the manufacturer’s protocol.
Briefly, iTRAQ reagent was reconstituted with 70 ul of ethanol, and
peptides were resuspended with 30 wul of 0.5 M triethylammonium
acetate bicarbonate. After mixing, the solution was incubated at
r.t. for 1 h. Then all four samples were combined and dried in a
SpeedVac.

Phosphotyrosine antibodies (20 ul of pTyr-100 from Cell Signaling
Technology (Beverly, MA) and 20 ul of PT-66 from Sigma) were
incubated with 16 ul of 50% protein G-agarose beads (Calbiochem)
in 100 mm HEPES, 100 mm NaCl, pH 7.4 (IP buffer) at 4 °C for 8 h on
a rotator. The protein G-agarose beads were rinsed with 400 ul of IP
buffer for 5 min. iTRAQ-labeled peptides were reconstituted with 400
wl of IP buffer. After the pH was adjusted to ~7.4 with 1 N NaOH, the
sample was transferred to 4 ul of rinsed protein G-agarose beads and
incubated at 4 °C overnight on a rotator. Protein G-agarose beads
were spun down at 4000 rpm and rinsed with 400 ul of IP buffer three
times. Peptides were eluted with 60 ul of 100 mm glycine, 7% MeCN,
pH 2.5 at r.t. for 15 min. Protein G-agarose beads were spun down at
4000 rpm, and the supernatant was loaded onto a preconditioned
TiO, (Titansphere, GL Sciences) column (200-um inner diameter, 6
cm long) at 3 wl/min. After loading, the TiO, column was rinsed with
80% MeCN, 1% TFA at 10 wl/min for 10 min and 0.1% TFA at 10
wl/min for 10 min.

Mass Spectrometry Analysis—Peptides enriched on the TiO, col-
umn were directly eluted onto a C,g trap column (100-um inner
diameter, 4 cm long; POROS 10R2) with 50 wl of 100 mm (NH,4),HPO,,
1 mm EDTA at 2 pl/min. The trap column was rinsed with 1% HOAc
at 5 wl/min for 10 min and connected to a C,5 analytical column
(25-pm inner diameter, 10 cm long, 3-um Monitor C,5 resin) (23).
Peptides were eluted at a flow rate of ~5 nl/min with a 2-h gradient:
1-25% B in 75 min, 25-40% B in 15 min, 40-70% B in 5 min, 70%
B for 10 min, and 70-1% B in 5 min (A, 0.2 m HOAc; B, 70% MeCN,
0.2 M HOACc) using a NanoAcquity system with a precolumn split.
Eluted peptides were directly electrosprayed into an LTQ-Orbitrap XL
for MS/MS analysis with a CAD-HCD dual scan mode. MS spectra
were acquired in the Orbitrap with target value at 1€6, maximum fill
time at 500 ms, and resolution at 15,000. A precursor was selected for
MS/MS if its signal was over 2e4 and its charge state was 2+ to 4+.
Up to eight precursors could be selected for each cycle and then were
excluded for 20 s after MS/MS spectra were acquired. For each
precursor, a CAD MS/MS spectrum was first generated and detected
in the linear trap, and an HCD MS/MS spectrum was then generated
in the new high energy collision cell with 47% collision energy and 2.4
amu precursor isolation window and detected in the Orbitrap at a
resolution of 7500. The low mass cutoff for HCD scans was set at 100
amu. The data files were processed with in-house software to sepa-
rate CAD and HCD scans into two Mascot-searchable files as de-
scribed previously (24). The two files were submitted to Mascot (v2.1)
and searched against all 55,824 entries in a database that consisted
of human FLT3 and the NCBI RefSeq mouse protein database (re-
leased on April 3, 2006). The search parameters were set as follows.
The mass tolerance values for fragment ions were set at 0.8 amu for
the CAD search and 0.05 amu for the HCD search. Other common
parameters were as follows: number of missed cleavages permitted,
2; fixed modifications on cysteine (carbamidomethyl), N terminus
(iTRAQ4plex), and lysine (iTRAQ4plex); and variable modifications of
methionine oxidation and tyrosine, serine, and threonine phosphory-
lation. The data were also searched against the reverse database with
the same search parameters. The search results were filtered to only
include peptides that contained tyrosine in the sequence and were
phosphorylated. The false discovery rate was estimated to be 1% at
a Mascot score of 20 and 4% at a Mascot score of 15. All scans with
a Mascot score over 15 were manually inspected to confirm se-

quences and phosphorylation site assignment. Images of the precur-
sor region (+5 daltons) for each identified peptide were automatically
obtained from the raw mass spectrometry data files and then in-
serted, along with output from the corresponding Mascot search, into
Excel spreadsheets using our multiplierz desktop software (25).
MS/MS scans were eliminated from further analysis if contaminant
peaks were observed within 1.2 amu of the precursor in the preceding
MS scan.

iTRAQ Reporter lon Extraction and Processing—The following
steps were performed for all iTRAQ-labeled samples analyzed. The
reporter ion intensities were extracted and corrected for injection time
and known isotopic impurities in each iTRAQ reagent (13). Finally, all
reporter intensities for a given MS/MS scan are bounded from below
by the maximum noise level (reported by the instrument data system)
for any of the reporter peaks in that scan.

Derivation of Error Model—Tryptic peptides were generated from
two equal aliquots of BaF3 cell lysate. Two 100-ug samples from
each batch were labeled and mixed as shown in Fig. 2a. A small
portion (~200 ng) was analyzed using the CAD-HCD dual scan mode
as described above. For all pairs of reporter ions corresponding to
replicate measurements, a common multiplicative constant is applied
such that the median ratio was 1:1. Subsequently, the parameters 3
and o (which specify the relationship between the variance of the
peak pairs and their mean as described in Equation 1) were estimated
by MACL (26, 27) implemented as an iteratively reweighted least
squares algorithm.

Data Analysis for FLT3 Signaling—Immunoprecipitated, iTRAQ-la-
beled tyrosine-phosphorylated peptides were analyzed by LC-
MS/MS as described above. Reporter ion peak intensities were pro-
cessed as described above. To correct for minor variations in source
protein concentration, a small aliquot of supernatant was analyzed
separately; the median iTRAQ reporter ion ratio from these data was
used as a normalization factor for analysis of data from the tyrosine-
enriched fraction. The resulting intensity pairs were used to calculate
p values under the null hypothesis of a 1:1 ratio. These p values can,
in turn, be used to estimate g values (28). Finally, a confidence interval
was estimated by applying the error model at the observed intensity
values of the reporter pairs.

Immunoprecipitation and Immunoblotting Analysis—The mutant
FLT3 receptor-expressing BaF3 cells grown at log phase were treated
with 100 nm PKC412 (kindly provided by Dr. Johannes Rossel, No-
vartis Pharma, Basel, Switzerland) or DMSO (as control) for 30 min.
The wild type FLT3-expressing cells were treated with DMSO or with
either 50 ng/ml FLT3 ligand (Sigma) or 50 ng/ml ligand plus 100 nm
PKC412 for 30 min. The cells were then harvested for protein extrac-
tion using Nonidet P-40 lysis buffer (50 mm Tris, pH 8.0, 150 mm NaCl,
1.0% Nonidet P-40) plus 1X protease inhibitor mixture (Calbiochem)
following a standard protocol. The total protein was then subjected
either to immunoprecipitation followed by immunoblotting analysis or
to immunoblotting analysis using the antibody indicated. Briefly, 500
ng of total protein were incubated with the indicated antibody for 1 h
with rotation at 4 °C, and 25 pul of the protein A/G plus-agarose (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) was then added and incu-
bated overnight at 4 °C. The protein complexes were then washed
three times in TNN buffer (40 mm Tris-HCI, pH 8.0, 10 mm NaCl, 0.5%
Nonidet P-40), the pelleted complexes were resuspended in 1X Lae-
mmli sample buffer, and the supernatant was either stored at —80 °C
or subjected to immunoblotting analysis using a standard protocol.
Antibodies against phosphotyrosine (pY99), FLT3 (c-20), SHP1 (c-19),
and pERK1/2 (E4) were purchased from Santa Cruz Biotechnology,
Inc. Antibodies against STAT5 and pSTAT5 were purchased from
Transduction Laboratories. Antibodies against pAKT (Ser-473), AKT,
and ERK1/2 were purchase from Cell Signaling Technology.
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Fic. 1. a, analytical work flow for enrichment and analysis of phosphotyrosine-containing peptides from an AML model system with WT and
two oncogenic FLT3 mutants (ITD and D835Y). Tryptic peptides from ~2e6 cells per biological condition were iTRAQ-labeled and subjected
to sequential enrichment of phosphotyrosine-containing peptides, first with anti-phosphotyrosine antibodies and then a TiO, column. Next,
LC-MS/MS was performed on an Orbitrap XL using a dual CAD-HCD scan method. Our multiplierz mzAPI-based desktop environment was
used for subsequent data analysis. b, CAD and HCD MS/MS spectra of a doubly phosphorylated peptide from MAPKS3. iTRAQ reporter ions
are not observed in the CAD scan but are among the most intense peaks in the HCD scan. ¢, high mass resolving power (m/Am > 15,000)
in the low mass region facilitates discrimination of contaminate ions (red circles) from iTRAQ reporters (green circles). IP, immunoprecipitation;

pS, phosphoserine; pT, phosphothreonine; pY, phosphotyrosine.

RESULTS

LTQ-Orbitrap Dual Scan Mode Provides High Sensitivity
MS/MS and High Resolution iTRAQ Reporter lon Detection—
iTRAQ-labeled peptides are typically analyzed with triple qua-
drupole- or hybrid quadrupole-TOF instruments. Quadrupole
ion trap geometries generally produce suboptimal results be-
cause the iTRAQ reporter ions often lie below the stability limit
as dictated by the precursor peptide mass-to-charge ratio
and pseudopotential well parameters used for activation (for
example, activation g = 0.23). Recently, Olsen et al. (29)
described the performance of a radiofrequency-only multipole
collision cell located adjacent to the c-trap on an LTQ-Orbi-
trap mass spectrometer. This configuration provides for “tri-
ple quadrupole-like” fragmentation (HCD) at energies above
those typically used in ion trap instruments with efficient
trapping of low mass fragment ions. We used a similar strat-
egy for the work described herein (Fig. 1a) but modified the
acquisition method to include first a low energy MS/MS scan
of every precursor in the linear ion trap (CAD) followed by a
higher energy MS/MS scan in the octopole collision cell
(HCD). Fig. 1b shows CAD and HCD spectra corresponding to
a doubly phosphorylated, iTRAQ-labeled peptide from
MAPKS (see discussion below and “Experimental Proce-
dures”). As reported previously (29), both MS/MS modes yield
high confidence sequence assignment based on Mascot

searches with the HCD mode providing efficient capture and
detection of the iTRAQ reporter ions (Fig. 1b, inset). Further
examination of the low mass region revealed the presence of
contaminant ions having nominal masses that correspond to
those of the iTRAQ reporters (Fig. 1c). At lower resolution,
these contaminants can introduce significant error, particu-
larly for the application described herein, where quantification
is based on individual peptide ratios. These data illustrate the
range of potential errors introduced by isobaric contaminants
and hence the value of high mass resolving power in conjunc-
tion with iTRAQ-based quantification studies.

Observed Relationship between Standard Deviation of
iTRAQ Ratios and Intensity of Individual Reporter lons Sug-
gests a Variance Function—Although high mass resolution
within the iTRAQ reporter ion region alleviates potential inter-
ference due to isobaric contaminants, other sources of error
persist and require the development of an appropriate model
to estimate the significance associated with quantification
measurements. To better understand the uncertainty associ-
ated with measured iTRAQ ratios, we generated tryptic pep-
tides from whole cell lysates of murine BaF3 cells. Peptides
from two sets of technical replicates were labeled with iTRAQ
reagents (Fig. 2a). LC-MS/MS analysis was performed on an
LTQ-Orbitrap with each precursor subjected to CAD and HCD
as described above. Peptide iTRAQ ratios were generated
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Fic. 2. a, equal aliquots of tryptic peptides derived from murine BaF3 cells were processed as two sets of technical replicates, iTRAQ labeled
as indicated, and subjected to LC-MS/MS using a dual scan CAD-HCD method (Fig. 1a). b, a log-log plot of the reporter ion ratios as a function
of their geometric mean spectral peak height for technical replicates yielded a best fit curve with constant variance at high signal intensity. c,
95% acceptance region after MACL-based fit to data normalized for linear trap ion injection time. d, precision of the data in ¢ plotted as a
function of measured signal-to-noise ratio (SNR) and number of data points, K, across an iTRAQ reporter ion spectral peak (33, 34). Precision
based on MACL-derived variance function (Equation 1, black line) and previous theory (33, 34) (dashed orange line) is shown. Experimental data
from previous studies are indicated as yellow (33) and purple (34) triangles, respectively. e, data from a biological replicate generated 3 months
later and processed as a second set of technical replicates (red) were generated as described above and overlaid with the corrected data in
c (green). f, Q-Q plot of the data in e after transformation to uniform variance confirmed the approximate normality of error in log intensities.
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using our multiplierz desktop environment (30) and plotted as
a function of reporter ion mass spectral peak height (see
“Experimental Procedures”). As with other large scale data
(81), we observed a clear dependence of variance on spectral
peak height (Fig. 2b). Previous reports (13, 14) in proteomics
have also noted this relationship, but in most cases simple
thresholds were used, for both abundance ratio and intensity,
below which data were deemed unreliable. In a recent study,
Hundertmark et al. (20) estimated a variance function based
on infusion of a small number of iTRAQ-labeled standard
peptides. In contrast, we sought to leverage the full benefit of
iTRAQ reagents by using equal aliquots of tryptic peptides
derived from cell lysate (“calibration mixture”), effectively pro-
viding thousands of putatively 1:1 ratios that spanned a wide
range of mass spectral peak height. We derived an error
model based on the assumption that systematic errors were
equivalent for all iTRAQ fragment ions and that detector re-
sponse was uniform across the reporter ion m/z range. In
addition, we assumed that the log of the iTRAQ reporter ion
mass spectral peak height follows a simple, two-parameter
exponential variance function. In effect, for the analysis of our
calibration mixture, we treated the log of each iTRAQ ratio as
a difference between replicate measurements from a common
underlying log-normal distribution. Consequently, the vari-
ance of the log ratios is equal to twice that of the log peak
height distribution,

Var[log Ratio] = Var{log Peak,] + Var[log Peak,] = 28e~**
(Eq. 1)

where Ratio refers to the ratio of two independent random
variables, Peak, and Peak,, which represent measured iTRAQ
peak heights, both distributed log-normally with a mean log
magnitude p and variance Be “*. We next estimated the
parameters « and B in Equation 1 by maximum approximate
conditional likelihood (26) and finally established a 95% ac-
ceptance region. Interestingly, we observed that convergence
of parameters in Equation 1 required the addition of a con-
stant term (Be™ “* + +v; Fig. 2b) at odds with previous reports
that suggested a continual increase in precision as a function
of spectral peak height (32-35). To explore this anomaly fur-
ther, we next normalized the iTRAQ peak height values re-
ported in the native mass spectrometry data files based on
the ion injection times required to reach the preset target
value for MS/MS (36). Fig. 2c shows the 95% acceptance
region after application of the above procedure to our normal-
ized data. Here the variance asymptotically approaches zero
at high spectral peak height values in agreement with Equa-
tion 1 (e.g. y =~ 0). In addition, the apparent range of quanti-
fication is consistent with other reports of single scan dynamic
range for the Orbitrap mass spectrometer (37, 38).

Previous work beginning with NMR-based studies (32) and
then extended to other resonance techniques such as FT/ICR
(83, 34) proposed analytical solutions for spectral peak pa-

rameters as a function of observed signal-to-noise ratio and
the number of data points (K) across a given peak. Given the
similarities in detection between FT/ICR and Orbitrap tech-
nologies, we asked whether our results would agree with
previous efforts to predict measurement variance. Fig. 2d
shows the precision of our iTRAQ ratios (green dots) plotted
as a function of signal-to-noise ratio and \/K (see Refs. 33
and 34). The black line represents the MACL-based fit to our
data, whereas the dashed orange line corresponds to the
precision predicted by a theoretical framework described in
the context of earlier FT/ICR studies (33, 34). Given the dis-
crepancy between the precision predicted by each approach
(black and orange lines, respectively), we next overlaid FT/ICR
experimental data taken with permission from Refs. 33 and 34
(vellow and purple triangles). Surprisingly, our model provided
a better prediction for the precision of these data as com-
pared with the previously proposed theory (33, 34). This result
further validates our approach, particularly given that the FT/
ICR data were acquired nearly 20 or more years ago on a
different mass spectrometry platform and under different ion-
ization conditions (electrospray versus electron impact).

To test the robustness of our approach, we repeated the
sample preparation from cells cultured 3 months after the first
acquisition (Fig. 2a). Again, observed spectral peak height
values were normalized to ion injection times, and the result-
ing data were used to refit the parameters « and g in Equation
1. An overlay of both data sets (Fig. 2e), with their respective
95% acceptance regions, shows a very high degree of align-
ment. Finally, we generated a Quantile-Quantile plot (Fig. 21)
based on variance correction of the data in Fig. 2e. The
apparent normality of the transformed data validates our as-
sumption of log normality for spectral peak heights and justifies
the assignment of p and g values for all measured peptide ratios
contained within a single experiment. In addition, the variance
function enables an estimation of confidence intervals for all
measured ratios. Collectively, these results suggest that a vari-
ance function can be established once and then applied to all
subsequent data acquired with identical instrument parameters,
similar in concept to the process of external mass calibration
routinely used in mass spectrometry.

Ligand Stimulation Induces Small, but Statistically Signifi-
cant, Up-regulation of WT FLT3—The ability to provide sig-
nificance values for measured peptide ratios supports exper-
imental designs that more closely recapitulate physiological
conditions. For example, serum starvation of cultured cells is
commonly used to amplify the signal that results from pertur-
bation of a target pathway (cytokine stimulation, etc.). How-
ever, the degree to which this cellular stress negatively im-
pacts the subsequent response is not well understood. The
preferred experimental scenario, in which cells are cultured
with a full complement of cytokines and growth factors, re-
quires robust measurement of small changes in an otherwise
active signaling background. Toward this end, we established
murine BaF3 cell lines that stably express WT, point mutation
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D835Y, or ITD FLT3 kinase, respectively. Cells grown under
normal culture conditions were lysed and labeled with iTRAQ
reagents (Fig. 1a and “Experimental Procedures”). Next,
phosphotyrosine-containing peptides were isolated via anti-
body-based purification followed by enrichment on titanium
dioxide and finally quantified by LC-MS/MS analysis. Non-
systematic errors in iTRAQ-based quantitation may result
from simultaneous fragmentation of multiple precursors
closely spaced within the m/z range selected for MS/MS
analysis. This phenomenon has recently been explored in
detail (39). Consistent with our focus on tyrosine phosphor-
ylation, we observed potential precursor contamination in
only a small number of scans, and the corresponding pep-
tides were eliminated from further consideration (see “Ex-
perimental Procedures”). Across two bioreplicates (2e6
cells per iTRAQ channel per bioreplicate), we identified 371
unique tyrosine-phosphorylated peptides, representing 349
unique phosphotyrosine sites on 276 proteins (<5% false
discovery rate; see “Experimental Procedures” and
supplemental Tables S1 and S2). In total, 148 unique pep-
tides, containing 142 unique phosphotyrosine sites on 117
proteins, were detected across two experiments and
formed the basis data set for the remainder of our results.
Supplemental Table S3 lists peptide sequences, phosphor-
ylation sites, and quantification data of those commonly
identified phosphotyrosine-containing peptides.

We first asked what pathways were activated when the WT
kinase was stimulated with FL. Fig. 3a shows that overall
kinase activity changed only modestly upon addition of FL to
cells cultured under standard conditions. These data were
confirmed by Western blot (Fig. 3c, lanes 7 and 2). Use of a
global threshold (e.g. 2-fold change; Fig. 3a, yellow lines)
resulted in assignment of 24 phosphotyrosine sites, including
singly (Tyr-204) and doubly (Tyr-202/Tyr-204) phosphorylated
MAPK1 and singly (Tyr-185) phosphorylated MAPK9, as sig-
nificantly modulated. However, application of our error model
(Fig. 3a, black curves) identified statistically significant regu-
lation of tyrosine phosphorylation on 47 unique peptides,
spanning several key signaling molecules. For example, our
proteomics data show that phosphorylation of Tyr-694 on
STAT5a increased by ~1.5-fold under ligand stimulation (Fig.
3a); although this modest level does not meet a global, 2-fold
threshold, our error model provides a p value <1e—15. Com-
parison of these data with those obtained by Western blotting
(Fig. 3d, STAT5(P)(Y694) panel, lanes 1 and 2) highlights the
utility of our approach to monitor subtle variations as com-
pared with standard biochemical techniques. A similar fold-
change (1.4X) and significant p value (2.2e—16) were ob-
tained for STAT5a (Tyr(P)-694) in the analysis of a biological
replicate (supplemental Table S2). Use of our error model also
revealed that 11 of the 24 phosphotyrosine sites assigned
based on global threshold logic are likely to be false positives
based on the large error associated with measurement of
weak signals (Fig. 3a). As mentioned above, the error model

allowed us to calculate a confidence interval for every quan-
tified ratio (supplemental Tables S1 and S2). For example, we
can estimate that the ratio of STAT5a (Tyr(P)-694) should be
between 1.4 and 1.6 as shown in Fig. 3a.

STAT5a Is Differentially Activated by FLT3-ITD and
-D835Y—To understand the effect of either ITD or D835Y
mutation on the complex signaling network that exists under
normal physiological conditions, we next plotted ratios for
tyrosine-phosphorylated peptides derived from WT + FL
(green), D835Y (blue), and ITD (red), each normalized to the
corresponding phosphopeptide derived from cells with un-
stimulated, WT kinase (Fig. 3b). Both ITD and D835Y show
elevated tyrosine phosphorylation levels on many proteins
compared with WT, including STAT3, MAPK1, SHC, and
PLCy2, which is consistent with the constitutive kinase activ-
ity reported for both mutants (3, 40). This result was confirmed
by anti-Tyr(P) Western blotting in multiple BaF3 clones (Fig.
3c, lanes 1, 4, 6, 8, 10, 12, and 14). The majority of up-
regulated phosphotyrosine sites were found on proteins in-
volved in nuclear membrane structure, including vimentin,
L-plastin (LCP1), and emerin, consistent with enhanced pro-
liferation in the context of each FLT3 mutant (6).

Elevated phosphorylation levels of STAT5 have been cor-
related with enhanced self-renewal and reduced differentia-
tion of hematopoietic stem cells both in vitro and in vivo (40,
41). Fig. 3b indicates that, in the absence of IL-3, the phos-
phorylation level of STAT5a (Tyr-694) is sustained in ITD (red)
at a level comparable to that in WT stimulated with FL (green)
and is markedly lower in D835Y (blue). We confirmed these
observations in multiple BaF3 clones by Western blot using an
antibody specific for Tyr(P)-694 on STAT5 (Fig. 3d, lanes 1, 4,
6, 8, 10, 12, and 14). These data are consistent with recent
reports that described activation of specific targets down-
stream of FLT3 mutants (6). We next used PKC412, a small
molecule inhibitor of FLT3 kinase activity (42), to more spe-
cifically link STAT5a phosphorylation to constitutive activation
of the receptor by each mutation. Indeed, application of
PKC412 had little, if any, effect on STAT5a Tyr(P)-694 in the
context of the WT FLT3, whereas phosphorylation on the
same site was completely abrogated in the context of both
ITD and D835Y mutations (Fig. 3d, lanes 3, 5, 7, 9, 11, 13,
and 15).

Direct Comparison of Constitutively Active FLT3 Mutants
Suggests That D835Y Down-regulates JAK-STATba Signaling
via Tyrosine Phosphorylation of SHP1—Although the ITD is
correlated with a poor clinical prognosis, our data clearly
demonstrate that overall kinase activity is much higher for the
D835Y mutant. This result is consistent with recent findings
for several BCR-ABL mutations (such as T315l) where phos-
phorylation levels did not necessarily correlate with oncogenic
potential (43). One possible explanation to reconcile the ap-
parent juxtaposition of hyperkinase activity and low transfor-
mative potential is that negative regulatory molecules and
pathways are among those activated in the context of the
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Fic. 3. a, identification of phosphorylation regulated by WT FLT3 in cells cultured under normal serum conditions. Addition of exogenous FL
increases STAT5a phosphorylation (Tyr-694) by only 1.4-fold relative to unstimulated WT FLT3. Yellow lines represent a global 2-fold threshold.
Intensity-based variance function, derived from an analysis of technical replicates (black curve and Fig. 2), yields a statistically significant p
value (<10e—22) and 95% confidence interval for regulation of Tyr(P)-694 on STAT5a. p values and 95% confidence intervals for phosphor-
ylated peptides from MAPK1 are also shown. b, relative tyrosine phosphorylation levels of WT FLT3 + FL (green), FLT3-ITD (red), and
FLT3-D835Y (blue), each normalized against unstimulated WT FLT3. Tyrosine phosphorylation on STAT5a (Tyr-694) and JAK2 (Tyr-1007) is
coordinately up-regulated by both FLT3-ITD and stimulated WT FLT3. In contrast, phosphorylation on these sites is diminished in the context
of FLT3-D835Y signaling. ¢, immunoblot of multiple BaF3 clones with anti-Tyr(P) antibody (specific clone or polyclonal) harboring WT FLT3
(lanes 1-3), FLT3-ITD (lanes 4-9), and FLT3-D835Y (lanes 10-15) confirmed data in b that the point mutant exhibited higher kinase activity as
compared with WT FLT3 or FLT3-ITD. C, control (no stimulation); L, ligand stimulation at 50 ng/ml for 30 min; P, treatment with PKC412 at 100
nm for 30 min; p, polyclonal (otherwise specific clone designation is listed). d, immunoblot of cells in ¢ with antibodies against phosphotyrosine,
total FLT3, phospho-STAT5 (Tyr(P)-694), and total STAT5. Despite the higher constitutive phosphorylation observed for the point mutant,
downstream signaling on STAT5 (Tyr(P)-694) is significantly diminished as compared with WT FLT3 and FLT3-ITD. The legend is the same as
in c. pT, phosphothreonine; pY, phosphotyrosine; WB, Western blot.

D835Y mutant. Interestingly, we observed significant down-
regulation of tyrosine phosphorylation on JAK2 (Tyr-1007) in
addition to STAT5a (Tyr-694) in the context of D835Y as
compared with WT FLT3 (Fig. 3b). Moreover, phosphorylation
of JAK2 (Tyr(P)-1007) is known to be essential for downstream
activation (44).

To directly probe for divergent signaling, we next plotted
ratios for tyrosine-phosphorylated peptides resulting from
D835Y and ITD mutants in two bioreplicates, respectively (Fig.
4, a and b). In the context of D835Y signaling, we observed
increased tyrosine phosphorylation on several phosphatases,
including PTPN6 (SHP1), PTPN11 (SHP2), PTPN12 (PTPG1),

and PTPN18 (BDP1). In particular, SHP1, expressed predom-
inantly in hematopoietic cells (45), negatively regulates the
activity of many receptors, including c-KIT (another type llI
tyrosine receptor), by targeting the JAK-STAT pathway (46—
48). We identified three phosphotyrosine sites on SHP1 (Tyr-
276, Tyr-536, and Tyr-564), all up-regulated as compared with
the ITD and with a significant p value (=7.5 e-13). Immuno-
precipitation of SHP1 followed by Western blot (Fig. 4c) con-
firmed that (i) protein expression levels were consistent in the
context of FLT3-ITD and FLT3-D835Y, and (i) SHP1 phos-
phorylation decreased upon specific inhibition of FLT3-D835Y
with PKC412 (42). Collectively, our results suggest that, as
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FiG. 4. a and b, relative tyrosine phosphorylation driven by FLT3-
D835Y normalized to FLT3-ITD. Intensity-based variance function,
based on an analysis of technical replicates (black curve and Fig. 2),
provided for identification of statistically significant points of divergent
signaling downstream of oncogenic FLT3 mutants. p values and 95%
confidence intervals for phosphorylated peptides from STAT5a
(Tyr(P)-694), JAK2 (Tyr(P)-1007), and SHP1 (Tyr(P)-276, Tyr(P)-536,
and Tyr(P)-564) were illustrated. ¢, Western blot analysis of SHP1
immunoprecipitates, from multiple BaF3 clones (as in Fig. 3, ¢ and d),
probed with anti-Tyr(P) or anti-SHP1 antibodies. Consistent with the
proteomics data in a and b, SHP1 tyrosine phosphorylation was
elevated in the context of the point mutant as compared with either
WT FLT3 or FLT3-ITD. C, control (no stimulation); P, treatment with
PKC412 at 100 nm for 30 min; p, polyclonal (otherwise specific clone
designation is listed). pY, phosphotyrosine; WB, Western blot; Con,
control; IP, immunoprecipitation.

compared with FLT3-ITD, constitutive activation conferred by
D835Y leads to phosphorylation of the negative regulatory
phosphatase SHP1 as well as down-regulation of JAK2-
STAT5a signaling.

DISCUSSION

We demonstrated that a combination of linear ion trap CAD
with higher energy HCD fragmentation offered an effective
means to analyze iTRAQ-labeled peptides on an Orbitrap XL
instrument. Significantly, the high mass resolving power
(m/Am >15,000) in the iTRAQ reporter ion region minimizes
interference from potential contaminant species that may
confound quantification data. We also developed a robust
error model that allows estimation of p value, q value, and
confidence interval on any measured iTRAQ ratio from a sin-
gle experiment. Our approach represents a paradigm shift
relative to previous methodologies for quantitative proteomics
in that we derive a parametric error model from a large num-
ber of weak variance estimates (49), all within a single acqui-
sition, rather than extensive, empirical characterization of in-
dividual mass spectrometry peaks (20, 33, 34, 50). The ability
of our model, developed herein for LC-MS/MS analysis of
iTRAQ-labeled peptides on an Orbitrap, to provide improved
estimates of precision for data acquired some two decades
ago on small molecules ionized by electron impact and ana-
lyzed in MS mode on an FT/ICR mass spectrometer strongly
supports the validity of our approach.

In practice, our framework is directly analogous to the use
of external mass calibration and provides the added benefit
that the experimental setup for calibration is identical to that
for subsequent quantification analyses. The ability to esti-
mate variance once and then predict the statistical signifi-
cance of future measurements directly enables proteomics
experiments that are designed to monitor specific biological
response to perturbation rather than large scale cataloguing
of peptides that may be irrelevant to the question at hand. In
fact, our observation that overall phosphorylation levels
were elevated downstream of the point mutant as compared
with the FLT3-ITD (Fig. 4, a and b) nicely illustrates this
scenario. Here the vast majority of phosphopeptide ratios
deviate significantly from 1:1, and hence these data are not
amenable to analysis by methodologies (18, 51-53) that
require internal normalization to a large null (e.g. 1:1)
distribution.

We envision that application of our error model will be
particularly valuable for quantitative analysis of rare or other-
wise intractable post-translational modifications, low abun-
dance proteins, primary cells, clinical samples, or in general
any scenario in which multiple rounds of technical and bio-
logical replicates are not readily available. In this study, we
applied quantitative proteomics in conjunction with our error
model to identify multiple points of divergent signaling down-
stream of FLT3 mutants expressed in murine BaF3 cells.
Although kinases are attractive drug targets in principle, clin-
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ical experience to date, for example in the case of BCR-ABL
inhibition by Gleevec for chronic myelogenous leukemia,
demonstrates that patients often become refractory to single
agent therapeutics (54). These observations verify the need
for continued elucidation of oncogenic pathways to identify
novel and synergistic molecular targets.

In the context of FLT3 signaling in BaF3 cells, we identified
349 unique phosphotyrosine sites on 276 proteins. Direct
comparison of specific phosphorylation events between the
two oncogenic mutants and across bioreplicates clearly dem-
onstrated that FLT3-ITD and FLT3-D835Y elicit divergent sig-
naling responses as evidenced for example by differences in
phosphorylation on JAK2, STAT5a, and SHP1. The latter
plays a critical, negative regulatory role in attenuation of sig-
naling for a variety of receptor tyrosine kinases throughout
multiple cell processes (55, 56). In addition, aberrant SHP1
expression has been reported in a number of malignancies
(57). Data from Chen et al. (58), in the context of FLT3-ITD-
mediated leukemia models, suggested that down-regulation
of SHP1, accompanied by a concomitant decrease in phos-
phatase activity, removed a key negative feedback mecha-
nism for control of kinase activity and hence augmented on-
cogenic FLT3 cell proliferation and survival. Our work
compliments this and other previous studies (6, 7, 59) and
suggests additional mechanistic detail that may explain phe-
notypic differences observed between FLT3-ITD and FLT3-
D835Y. A recent report demonstrated that tyrosine phos-
phorylation at Tyr-536 and Tyr-564 near the C terminus of
SHP1 inactivated JAK-STAT signaling by recruitment of
SOCS1 via GAB2 (48). These data illustrate that SHP1 can
disrupt discrete signaling pathways through a scaffold func-
tion independent of catalytic activity or expression level. Our
data clearly demonstrate that SHP1 is preferentially phosphor-
ylated at the C terminus in the context of D835Y, although it
remains to be determined whether phosphorylation of these
sites results from direct interaction with FLT3 or is mediated
through a downstream effector; nonetheless, our results are
consistent with the intriguing hypothesis that specific activa-
tion of SHP1 tyrosine phosphorylation down-regulates JAK2-
STAT5a signaling, ultimately abrogating the transformative
potential of the point mutant as compared with FLT3-ITD.
Collectively, our data provide a broad view of signaling down-
stream of oncogenic FLT3 mutants and suggest new avenues
for further research.
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